Aims-To determine the interobserver and the intraobserver reliability of a published classification scheme for corneal topography in normal subjects using the absolute scale. Method-A prospective observational study was done in which 195 TMS-1 corneal topography maps in the absolute scale were independently classified twice by three classifiers-a cornea fellow, an ophthalmic technician, and an optometrist. From these observations the interobserver reliability for each category and the intraobserver reliability for each observer were determined in terms of the median weighted kappa statistic for each category and for each observer. Results-For interobserver reliability, the median weighted kappa statistic for each category varied from 0.72 to 0.97 and for intraobserver reliability the range was 0.79 to 0.98. Conclusion-This classification scheme is extremely robust and even in the hands of less experienced observers with minimal training it can be relied upon to provide consistent results. (Br J Ophthalmol 1998;82:1401-1406 Bogan et al described a classification scheme of the morphological patterns observed in corneal topography maps obtained from normal subjects; this classification scheme was further expanded by Rabinowitz et al who introduced five additional categories to enable classification of asymmetric corneal topographic patterns.
Bogan et al described a classification scheme of the morphological patterns observed in corneal topography maps obtained from normal subjects; this classification scheme was further expanded by Rabinowitz et al who introduced five additional categories to enable classification of asymmetric corneal topographic patterns. 1 2 These studies provided much valuable information by describing the spectrum of variability in corneal topography patterns as observed in normal human corneas. A recent study has also applied the scheme proposed by Rabinowitz et al to studying the possible effects of contact lens warpage on corneal topography in patients with keratoconus. 3 It is likely that there will be many further applications where the classification of corneal topography will be used. However, in order for a classification scheme to be used as clinical or research tool, its reliability must be established. To achieve widespread use it must also be shown that the scheme proposed produces consistent results in the hands of less experienced observers and not just expert observers.
Since these classification schemes rely to a large extent on the subjective interpretation of observed topographical patterns it is inevitable that there will be some degree of error as a result of observer variability. Errors may arise as a result of diVerent interpretation by diVerent observers (interobserver variability) and as a result of inconsistent interpretation of the same map on repeat observations by the same observer (intraobserver variability). 4 5 Measurement of such variability in classification schemes used in ophthalmology has been reported primarily for schemes classifying crystalline lens changes, visual field changes, and has been widely reported for a number of other grading systems in clinical use outside ophthalmology. [5] [6] [7] [8] [9] Such a determination of interobserver and intraobserver reliability of a classification scheme for corneal topographic map morphology has not previously been reported. The following is a description of the measurement of reliability of the classification scheme proposed by Rabinowitz et al in the hands of relatively inexperienced observers. 
Materials and methods
A database of 195 normal subjects originally studied in the longitudinal study of genetic factors in keratoconus at the Cornea Genetic Medical Eye Clinic at the Cedars Sinai Medical Center was used. The selection of subjects, demographic characteristics, methods of obtaining corneal topographic maps, and the distribution of the patterns of topography have been described previously in detail. 2 In order to avoid bias due to intereye correlation only the maps of the subject's right eye were used. The TMS-1 corneal topography maps used were in the "absolute scale". 10 This is a standardised 26 colour scale where each colour has a designated dioptric range that does not vary. This use of a standard range of reference colour is thought to allow more consistent pattern recognition between diVerent observers. 2 The three classifiers were an optometrist, an ophthalmic technician, and a cornea fellow who were previously inexperienced in the classification of cornea topographic maps using this scheme. All three classifiers received training in the use of the classification scheme by an experienced classifier during one 3 hour teaching session. Maps used to train the observers were not used to test the reliability. The maps were assigned random numbers and all identifying marks and quantitative indices shown on the maps were obscured before the maps were presented to each observer. Each observer independently classified all maps in turn. After all three observers had completed the first set of observations the maps were shuZed so that they were no longer in the same sequence when presented to the observers for the second time.
The classification scheme used was the one described by Rabinowitz et al with minor modifications 2 ( Fig 1A and B) . The descriptions of the categories are repeated here for the sake of clarity. The steepest colour in the central two thirds of the map was used to determine the classification type provided that the pattern occupied at least 10% of the central two thirds area. The three observers were provided with a transparent overlay with the 10% and two thirds areas marked on it, which allowed a more consistent appreciation of the proportions. The overlay can be seen in use in Figures 2A and B. A round pattern implies a predominantly circular pattern occupying the centre of the map such that the smallest diameter is not less than two thirds of the greatest diameter. Oval implies a predominantly oval pattern occupying the centre of the map where the smallest diameter of the oval is less than two thirds and greater than one third of the greatest diameter. Bow tie implies an oval pattern with a central constriction such that the width of the central constriction is less than one third of the width of either of the two lobes. This pattern is further classified as symmetric bow tie, when the smaller of the two lobes has not less than two thirds of the area of the larger lobe and the smaller of the two angular diVerences between the steepest radial axes of the two lobes is not less than 150 degrees ( Fig 1B) ; symmetric bow tie with skewed radial axis, when the smaller of the two lobes has not less than two thirds of the area of the larger lobe and the smaller of the two angular diVerences between the steepest radial axes of the two lobes is less than 150 degrees; asymmetric bow tie with superior steepening when the inferior lobe has less than two thirds of the area of the superior lobe and the smaller of the two angular diVerences between the steepest radial axes of the two lobes is not less than 150 degrees; asymmetric bow tie with inferior steepening, when the inferior lobe has more than two thirds of the area of the superior lobe and the smaller of the two angular diVerences between the steepest radial axes of the two lobes is not less than 150 degrees and asymmetric bow tie with skewed radial axis, when the smaller of the two lobes has less than two thirds of the area of the larger lobe and the smaller of the two angular diVerences between the steepest radial axes of the two lobe is less than 150 degrees. Superior steepening implies that there is an area which occupies at least 10% of the central two thirds area, of increased power above the horizontal meridian and inferior steepening implies that there is an area which occupies at least 10% of the central two thirds area, of increased power below the horizontal meridian. The maps were classified twice by each observer to assess intraobserver reliability. Maps were assigned to a specific category when there was agreement between at least two observers. The intervals between the first and second observations were suYcient to minimise the eVect of memory on the results. All data were entered into a computer spreadsheet for statistical analysis.
STATISTICAL METHODS
Each map was classified twice by each of the three observers. The first set of observations was used to construct pairs for the assessment of interobserver variability (observers 1 v 2, 1 v 3, and 2 v 3). The first set of observations was compared with the second set to assess intraobserver variability for each observer (observers 1a v 1b, 2a v 2b, and 3a v 3b where "a" denotes the first observation set and "b" denotes the second observation set for each eye).
The index used to evaluate reliability was the weighted kappa statistic. 4 11-13 This is a chance corrected index of agreement which penalises interobserver disagreement and is appropriate for testing a classification scheme which produces categorical or ordinal data. The scale weights should vary in linear increments based upon the number of divisions in the scale between these limits. It has been proposed by Bogan et al that round, oval, symmetric bow tie, asymmetric bow tie, and irregular are gradations in a continuous spectrum. 1 It may therefore have been possible to assign weights based on this possible continuous spectrum. However, this hypothesis is unproved and we therefore assigned a weight of 1 for agreement and a weight of 0 for disagreement. A 2 × 2 matrix was constructed for each pair of observation. Each category was tested with the scale reduced to binary form-that is, round and not round, oval and not oval, etc, with the assigned weights of 0 and 1 as described. The system used was based on weighted agreement as proposed by Hall. 4 The equation used to calculate weighted kappa( ) was:
= (P o − P c )/(1 − P c ) where P o is the total proportion of weighted observer agreement, P c is the total proportion of weighted chance agreement. Variance of weighted kappa was calculated by the formula:
Variance( )= 1/N(1 − P c ) 4 { P ij [ ij (1 − P c ) − ( i + j )(1 − P o )]2 − (P o P c − 2P c + P o ) 2 } where P ij is the observed proportion of observations for each cell, i is the weighted average of the weights in each row; j is the weighted average of the weights in each column; ij is the weight assigned to each cell in the matrix; P o is the total proportion of weighted observed agreement; P c is the total proportion of weighted chance agreement; and N is the total number of observations made by each observer.
Standard error of weighted kappa was calculated by the formula: SE( ) = {Variance( )/N} 0.5
A computer program was written to automate the solution of these equations. The computer program was tested for accuracy by solving data sets with known solutions before using it in this study. The median of these measurements was used to determine the median weighted kappa statistic for each of the classification categories. The median of all the categories was calculated to estimate interobserver and intraobserver reliability of the whole system.
Results
Each observer classified the test set of 195 maps over a 2 day period. The minimum period between the two sets of observation used to test for intraobserver reliability was 13 days and the maximum was 26 days. Table 1 shows the results of the interobserver analysis and Table 2 shows the results of the intraobserver analysis in terms of percentages of agreement between the observers. In this set of maps we found no maps that were classifiable as either symmetric bow tie with skewed radial axes or as asymmetric bow tie with skewed radial axes. Of the 195 maps there was complete agreement between all three observers on the classification of 112 maps and there was agreement between two observers on the classification of 83 maps. There were no maps where all three observers disagreed. Tables 3  and 4 present the results of the interobserver and the intraobserver analyses in terms of the weighted kappa statistic. The weighted kappa statistic shown for symmetric bow tie with skewed radial axes and asymmetric bow tie with skewed radial axes are shown to illustrate the low false positive rate for these categories, but have not been used in the calculation of the median weighted kappa statistic for the whole group.
Discussion
The classification scheme described by Bogan et al for corneal topography patterns was based on the computerised modelling system maps using sagittal corneal topography and the normalised scale. 1 There were five classification categories-round, oval, symmetric bow tie, asymmetric bow tie, and irregular. The scheme *There were no maps classified by at least two observers in this category. The weighted kappa statistic is shown here to illustrate the low false positive rate for this category but it has not been used in determining the median weighted kappa statistic for the whole group. *There were no maps classified by at least two observers in this category. The weighted kappa statistic is shown here to illustrate the low false positive rate for this category but it has not been used in determining the median weighted kappa statistic for the whole group.
introduced by Rabinowitz et al added five new categories; superior steepening, inferior steepening, and the bow tie categories were expanded to include symmetric bow tie with skewed radial axes, asymmetric bow tie with skewed radial axes, asymmetric bow tie with superior steepening, and asymmetric bow tie with inferior steepening 2 (Fig 1) . These new categories were meant to allow for the classification of more complex patterns seen in normal maps. In the studies reported by Bogan et al and by Rabinowitz et al, the inventors of the classification scheme were included in the observers who classified the corneal topographic maps. This is a common practice when a classification scheme is introduced for the first time. In the first study, Bogan et al reported that the first independent observation by their three observers resulted in a complete agreement (between all three observers) for 82.7% and partial agreement (where two of the three observers agree) for 16.3% and complete disagreement for 1% of the maps studied; on the second series of observations of the same maps, the rates improved to 90%, 10%, and 0% respectively. 1 Rabinowitz et al using their more complex classification scheme reported very similar results. 2 Neither of these two studies assessed intraobserver reliability and neither study assessed the reliability of the individual classification categories. Also, the method of using percentage of total agreement between observers provides an incomplete assessment of the reliability as partial agreement between observers is not included in the assessment, incorrect classifications are not penalised and no compensation is made for possible chance agreement. 4 11-13 The weighted kappa statistic overcomes most of the diYculties and enables a comprehensive expression of reliability in one single index. 4 11-13 This index (similar to the Pearson's product moment correlation) varies between −1.0 and +1.0 and enables meaningful comparison of reliability between diVerent categories and even between diVerent classification schemes. Landis and Koch suggest that a weighted kappa statistic of 0.81-1.0 implies "almost perfect" agreement. 11 In this study, where the classifications were carried out by less experienced observers, the complete agreement rate (all three observers agree) was less than that reported by either Bogan et al or by Rabinowitz et al. 1 2 It is therefore obvious that there is a higher degree of disagreement in the hands of non-expert observers. However, it still appears that the classification scheme is extremely robust providing extremely good overall interobserver and intraobserver reliability as is reflected by the high weighted kappa statistic for all the analyses. There were two categories under which no maps were classified. This to some extent limited our assessment of these categories in that we were not able to assess the false negative rates for these categories, but there were very few false positives as can be seen by the very high weighted kappa statistics for these categories.
In most clinical grading systems, it is usual to find that the intraobserver reliability is higher than the intraobserver reliability. 5 9 In this study as well, the intraobserver kappa statistic for most categories was better that the interobserver kappa statistic. This may have been because of the confounding eVect of memory. The duration between the two sets of observations may have played a role in causing this eVect. In previous studies classifying crystalline lens changes Sparrow et al waited from 7 to 148 days and King et al in their study classifying Goldmann visual fields waited 2 months between the two sets of observations used to test for intraobserver reliability. 5 9 In these and another paper where intraobserver reliability has been tested, the time interval between observations was selected arbitrarily. In the absence of historical data to guide us, we took the following measures that we hoped would minimise the confounding eVect of memory. We presented each observer with a large set of maps (195 in each set), we waited at least 13 days before presenting the same set of maps again to the same observer, all identifying marks, were obscured on each map and we shuZed the maps after the first set of observations was made so that the sequence of maps was not the same when the second observations were made. In spite of doing so we have no proof that the confounding eVect of memory had been completely abolished.
One significant diVerence between our study and that of Rabinowitz et al is that we used a transparent overlay (Fig 2A and B) . 2 This allowed us to accurately judge whether a colour occupied at least 10% of the central two thirds area and also demarcated the central two thirds from the outer one third area on the maps. Although we did not formally test the reliability of the scheme with and without the use of this overlay it is our impression that this overlay is extremely useful in improving consistency.
We conclude therefore that the 10 category classification scheme using the absolute scale is extremely robust and can, with minimal training, be relied upon to provide excellent reproducibility even in the hand of less experienced observers. This makes it a reliable research tool for determining subtle deviations from normal corneal curvature in longitudinal studies of corneal topography of patients with familial keratoconus and for detecting subclinical keratoconus as it develops in these patients based on changes in their corneal topography pattern as seen over time.
